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STABILITY ANTI CONTROL OF HYPERSONIC AIRCRAFT 

(1) Ren6 Ceresuela 

ABSTRACT. ONERA has undertaken a wind tunnel study 
up to speeds of Mach 5 and 7 of the influence of different 
engine types on pitch and roll stability. Compatibility of 
internal and external flows is examined for highly deformed 
intakes and exhausts. 

Introduction 

The object of this report is to present several problems in the aero- 
dynamics of sustained hypersonic flight, illustrated when possible by experi- 
mental results. 

We shall first discuss the problem of maximal lift/drag ratio, then 
that of longitudinal and lateral stabilities related to large volume engines. 

We shall finally look at special aerodynamic difficulties which could be 
caused by the deformation of light and hot structures. 

Aerodynamic Lift/Drag Ratio 

It has been demonstrated that a hypersonic aircraft project is extremely 
sensitive to different parameters -such as the structural efficiency or the 
propulsion efficiency, and the attainable aerodynamic lift/drag ratio. In 

(l’Report presented at the International Council of the Aeronautical Sciences 
(ICAS, Rome, September, 1970). 
with English wording. 

The figures are the original figures, 

* 
Numbers in the margin indicate the pagination in the original foreign text. 
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I n  present  supersonic  t r anspor t  p r o j e c t s ,  t h e  l i f t / d r a g  r a t i o s  achieved 

onsoph i s t i ca t edshapes  are g rea t e r  than those of t h e  shapes i n i t i a l l y  consid- 

ered.  Improvements have been obtained, as i s  well-known, by e l a b o r a t e  longi- 

t u d i n a l  curva tures ,  accompanied by twis t ing  and con ica l  camber of t h e  forward 

s e c t i o n s  of d e l t a  wings, and by a general  design conforming t o  t h e  area l a w .  

It i s  a l s o  known t h a t  t h e s e  improvements seek t o  opt imize t h e  shape a t  t h e  

c r u i s i n g  Mach number, but  g ive  l i t t l e  o r  no he lp  a t  o the r  f l i g h t  v e l o c i t i e s .  

numerous parametric s t u d i e s  appearing i n  the  l a s t  few yea r s ,  t h e  values  

adopted f o r  t h i s  l i f t / d r a g  r a t i o  vary enormously from one au thor  t o  another ,  

because of a l ack  of published experimental r e s u l t s .  

For example, Figure 1 compares the maximal l i f t / d r a g  r a t i o s  considered 

by F e r r i [ l ]  and by Heldenf ie l s  [ 2 ]  i n  genera l  s t u d i e s ,  and t h e  experimental  

values  obtained a t  ONERA on a h ighly  s impl i f i ed  shape wi th  a very t h i n  wing 

p r o f i l e  (NACA 64 A 002.5), without cont ro l  su r f aces ,  f i n s ,  and engines. The 

measured values  are s i g n i f i c a n t l y  less than p r i o r  estimates; one could expect 

t h e  d i f f e rence  t o  be  smaller f o r  t h e  complete a i r c r a f t  shape. 

For t h e  Mach-3 XB-70, t h e  concept of favorable  i n t e r a c t i o n  w a s  appl ied  

t o  t h e  f u l l e s t , c a l l e d  "wave-riding", i n  which t h e  shock wave of t h e  immense 

engine n a c e l l e  gives  an inc rease  i n  l i f t  by i t s  a c t i o n  on t h e  wing, while  a 

p a r t  of t h e  wave drag i s  cancel led.  

ment, r e c e n t l y  recommended by Eggers from l inear - theory  cons idera t ions ,  does 

not  r e s u l t  i n  a g r e a t  advantage a t  high v e l o c i t i e s .  

r epor t  of tests a t  Langley by Becker [3] .  

above 3, an inc reas ing  d i f f e rence  a p p e a r s  between p red ic t ions  of linear calcu- 
l a t i o n s  and the  measured va lues ,  and t h a t  beyond Mach 7 , the  f la t -bot tom (FB) 

conf igu ra t ions  are more e f f i c i e n t .  

But i t  has been shown t h a t  t h i s  arrange- 

Figure 2 is taken from a 

It is clear t h a t ,  a t  Mach numbers 

To show the maximum l i f t / d r a g  r a t i o s  which could b e  hoped fo r  a t  h igh  

Mach numbers, another  series of  measurements a t  M = 6.8 was c o l l e c t e d  by 
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Figure 1. Aerodynamic l i f t l d r a g  r a t i o  of 
hypersonic a i r c r a f t .  

Becker [3] on rec tangular ,  

d e l t a ,  o r  "caret" wings, a l l  

wi th  simple wedge p r o f i l e s .  

These are t h e  lower curves of 

Figure 2. The maximum l i f t /  

drag r a t i o s  are shown as a 

func t ion  of the  s i n g l e  accom- 

modation parameter V 
These da t a ,  combined wi th  t h e  

d i f f i c u l t y  of using t h e  wing 

volume as a cryogenic reser- 

v o i r ,  g ive  l i t t l e  hope f o r  

no tab le  ga ins  i n  l i f t l d r a g  

r a t i o  f o r  hypersonic f l i g h t .  

2/3s-1 

S t r u c t u r a l  research  

c a r r i e d  out  s i n c e  1965, notably 

a t  Langley, has ,  however, l e d  

t o  t h e  s tudy of i n t eg ra t ed  

shapes,  where t h e  wing and 

fuse lage  func t ions  are no 

longer  sepa ra t e ,  wi th  t h e  goa l  

of b e t t e r  volume e f f i c i ency .  

t h e  drawing of Figure 3, showing the  HT 4 shape s tud ied  a t  Langley. 

t h e  t r ansve r se  sec t ions  are h ighly  evolu t iona l ,  one can s t i l l  recognize t h e  

presence of s epa ra t e  r e l a t i v e l y  t h i n  wings wi th  r a t h e r  pointed leading  edges. 

A f i r s t  s t e p  i n  t h i s  d i r e c t i o n  is  represented by 

Although 

An even more r a d i c a l  design, the  lower photograph of Figure 4, has been 

proposed by t h e  Ames Center. 

The genera l  shape [4] where the  p l an  view is a pure d e l t a ,  is defined 

by an e l l i p t i c a l  s e c t i o n  a t  about 2/3 t h e  length.  The forward p a r t  is a 
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Figure 2.  L i f t l d r a g  r a t i o  compared f o r  

conf igura t ions  with high and low wings a t  
v a r i a b l e  Mach numbers; e f f e c t  of the vol- 
ume parameter a t  M = 6.8. 

conica l  s u r f  ce  r e s t i n g  on 

t h i s  e l l i p s e ;  l i kewise ,  t h e  

a f t e r  p a r t  is a conoid r e s t i n g  

on t h e  e l l i p s e  and on t h e  

rec tangular  pointed t r a i l i n g  

edge. 

The aerodynamic r e s u l t s  

obtained on these  two shapes 

have not  been published. It 

has been ind ica t ed ,  however 

[ 5 ] ,  t h a t  t h e  suppression of 

wings of t he  second shape 

reduces the  s t r u c t u r a l  weight 

with a modest loss of l i f t /  

drag r a t i o .  Calcu la t ions  of 

payload s e n s i t i v i t y  f o r  t h i s  

p ro jec t  (Figure 5) taken from 

[6] show t h a t  a 1% reduct ion  

i n  s t r u c t u r a l  weight compen- 

sates f o r  a 2.5% l o s s  i n  

aerodynamic l i f t l d r a g  r a t i o .  

It may be  expected t h a t  

t h i s  second shape, t h e  de f in i -  

t i o n  of which l eads  t o  v a r i a b l e  

r a d i i  along t h e  lead ing  edge, 

w i l l  b e  optimized f o r  heat ing wi th  d i f f i c u l t y ,  and t h a t  t h e  flow over t h e  

bottom sur face ,  which is i r r e g u l a r  fo r  t h e  same reason, w i l l  p resent  problems 

i n  t h e  adapta t ion  of a i r  in t akes  fo r  aerobic  propulsion. 

These two shapes are based on the  hot -s t ruc ture  o r  uncooled concept con- 

s i d e r e d  before  r ecen t  Langley s tud ie s  of cooled s t r u c t u r e s  w e r e  performed. 

4 
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Figure 3. Configuration of the Langley HT 4 
hypersonic transport 

Whatever the project, 

prediction of the aerodynamic 
lift/drag ratio encounters 
difficulties not encountered 
in supersonic aircraft of the 
preceding generation. It is 
a matter of calculating non- 

viscous aerodynamic fields 
over three-dimensional shapes 

where linearized theory is 
not applicable. 

Integrated shapes are more difficult to calculate in this respect than 
shapes with a round fuselage and a separate thin wing. 
theoretical problems was done in [ 7 ] .  

Examination of these 

! -  

I 
I 
I 

I 
1 

Figure 4. (Above) Wind tunnel test of Langley HT 4 model. 
(Below) Integrated configuration tested at Ames. 
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4 \ weight 
3 5 10 I s 2 0  

Percentile variation of 
parameter 

Figure 5.  Hypersonic aircraft. Sensitivity of 
payload to various parameters. 

Calculation of the 
three-dimensional boundary 

layer on an aircraft with 
incidence can be attempted 
for the bottom surface, by 
the prevalence method, for 

example. Even at very high /36 
Mach numbers, turbulent flows 
are observed on the upper 
surface, accompanied by 
intense heating, which de- 
feat simple calculations. 
Reference [ 8 ]  is devoted to 
this study of turbulent 

flows on the upper surface of a 75" delta wing at Mach 2 ,  4, and 7. 

many visulizations of flow at the wall, as well as strioscopic views of the 
general flow, with an important bibliography on leading-edge detachment on 
delta wings. 

It contains 

The second difficulty concerns applying wind-tunnel results to actual 
flight. 
the flow over the models is either laminar or transitional, while the Reynolds 
numbers corresponding to flight of 60 m aircraft are about 100 times greater. The 
respective figures are, for example, 2 to 3 million for a Mach 7 wind tunnel, 
and 200 to 300 million in flight. In addition, it is known that initiating 
the transition by roughness in a hypersonic wind tunnel is ineffective, and 
requires roughness dimensions such that the flow outside the boundary layer 
is strongly perturbed. 
As experimental study at Langley [ 5 ]  used the Cornel1 shock tunnel with both 
high pressures and temperatures lowered to the point of liquefaction to 
obtain high Reynolds numbers. 
then tested at Mach 8, but it is not certain that the turbulent pattern 

Hypersonic wind tunnels currently reach Reynolds numbers such that 

Solutions to these difficulties have been investigated. 

Figure 6 shows this for the HT 4 shape. It was 
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Figure 6. Recent progress in predicting the 
maximum lift/drag ratio in flight from wind- 
tunnel tests [5]. 

anticipated for the wind 

tunnel tests on smooth models 
will occur in flight on real 
aircraft with surface 
imperfections. 

Although the creation 
of wind tunnels operating at 
very high Reynolds number is 
desirable, tests would 
encounter model deformation 
problems. Many aerodynamic 
studies useful to hypersonic 
aircraft projects are still 
possible in present aero- 

dynamic wind tunnels, particularly studies of the configurations to be discussed 
below. 

A hYP rsoni air 

Lateral Stabilitv 

raft must necessarily trave se a large range of Mach 
numbers, so its configuration must be able to be balanced for takeoff at the 
maximum Mach number. The displacement of the center of thrust must thus be 
well-known, and as limited as possible. The plan shape plays a fundamental 
role in this regard. 
ent shapes from subsonic to Mach 7 .  

a double delta, and the third a hypersonic L 

Figure 7 compares the aerodynamic center of three differ- 
One of these is an ogee wing, the second 

configuration studied at ONERA. 1 

The observed displacement of the aerodynamic center is very different 
f o r  the different shapes: 
to hypersonic, without rapid variation at transonic velocities. 
shapes, the usual abrupt transonic decrease is observed. 

for the ogee wing it is continuous from subsonic 
For the other 

On the double delta, 
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t h e  aerodynamic cen te r  then 

advances again toward i ts  

subsonic pos i t i on ,  and t h i s  

is i n  f a c t  t h e  advantage 

claimed f o r  t h i s  shape. 

The L1 conf igura t ion ,  a 

photograph of which is  shown 

i n  F igure  8, has no aerodynamic 

cen te r  displacement i n  super- 

son ic  f l i g h t .  

F igure  7. Effec t  of plan shape on focus dis-  
placement a t  high supersonic  speed 0 < M - < 7. It could thus  be thought 

t h a t  a jud ic ious  choice of 

t h e  p l an  shape - f o r  example, t h e  pure d e l t a  -would a s su re  a minimum dis -  

placement of t h e  cen te r  of t h r u s t  i n  supersonic  f l i g h t ,  bu t  i n  r e a l i t y ,  depend- 

ing  on t h e  curva tures  of t h e  wings considered, t h e  cen te r  of t h r u s t  a t  f l i g h t  

inc idence  can be d i f f e r e n t  from t h e  aerodynamic center .  Furthermore, a t  high 

Mach numbers, and on t h e  t h i c k  wings which are sometimes considered,  t h e  

phenomena cease  being l i n e a r ,  and the  e f f e c t s  of a i r f rame camber ( t o  f i x  t h e  

cen te r  of t h r u s t )  can no longer  be t r ea t ed  sepa ra t e ly  from t h e  symmetric 

e f f e c t s  of th ickness .  

of t h e  a i r c r a f t  which progress ive ly  governs l i f t  and moment. 

to 'z t o t a l  i n  t h e  r a t i o  of C 
z upper 

inc reas ing  Mach number shows t h i s  c l e a r l y  (Figure 9 ) .  

In  f a c t ,  f o r  increas ing  Mach number, i t  is t h e  bottom 

The v a r i a t i o n  

f o r  a t h i n  p l a t e  a t  10' incidence w i t h  

The displacement of t h e  cen te r  of t h r u s t  f o r  v a r i a b l e  Mach number is 

a l r eady  a major preoccupation i n  present  c i v i l  supersonic  a i r c r a f t  p r o j e c t s ,  

f o r  which i t  i s  necessary t o  provide,  f o r  example, complex pumping systems t o  

d i s p l a c e  f u e l  o r  water forward t o  aft  t o  maintain t h e  cen te r  of g r a v i t y  

permanently a t  a proper d i s t ance  from t h e  cen te r  of t h r u s t .  

a i r c r a f t ,  t h e  problem w i l l  be complicated by t h e  more severe thermal 

environment. 

I n  a hypersonic 

8 



Influence of Engines on the General Aerodynamic 

Properties 

In the case of present supersonic transport aircraft, considerations of 
heating’and structural life have dictated the choice of metal, its grade, and 

even the machining methods used. 

without great repercussions for the  aerodynamic design. 
pulsor is developed independently, and the aerodynamic solution can be handled 

fairly freely. 

These difficult problems can be resolved 

Likewise, the pro- 

In the case of a hypersonic 

aircraft, each area of its development 
is intimately connected to the others. 
The type of structure and its type of 
cooling will be different for hydrogen 
scramjets, which require a large and 
fragile fuselage (liquid hydrogen 

- - 

_-_ ~ 

Top view 

Bottom view Mach n u m b  

Figure 8 .  Aerobic hypersonic aircraft. Figure 9. Contribution of upper 
Two-dimensional air intake and 
exhausts. 11175 model for wind supersonic velocities. 
tunnel test of the configurations. 

surface to lift of wings at high 

(10’ incidence) 
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..as t i m e s  more energy than kerosene and about 10  t i m e s  l i g h t e r ) ,  and f o r  

turborams - a rocket  mounted i n  a large f a i r i n g  coupled t o  a fuse l age  of more 

modest dimensions conta in ing  kerosene and l i q u i d  oxygen. 

Under present  cond i t ions ,  i t  seems d i f f i c u l t  t o  undertake a genera l  

op t imiza t ion  study i n  a v a l i d  manner. 

Without claiming opt imiza t ion ,  one can a t t a c k  t h e  aerodynamic problems 

by choosing one o r  more p r o j e c t s  which p re fe rab ly  r ep resen t  extreme configura- 

t i o n s ,  and submitt ing them t o  an inves t iga t ion  which inc ludes  c a l c u l a t i o n s  and 

wind tunnel  tests. 

methods of c a l c u l a t i o n ,  discover unsuspected problems,,and c o l l e c t  experimental  

l i f t  d a t a  which are genera l  enough t o  assist i n  t h e  design of new p r o j e c t s .  

One can thus hope t o  show t h e  v a l i d i t y  l i m i t s  of e x i s t i n g  

This  r o u t e  is ,  of course,  being followed by NASA i n  i t s  two p r i n c i p a l  

c e n t e r s ,  Langley and Ames. Figure 4 shows, above, t h e  HT 4 model t e s t e d  a t  

Langley, and below, t h e  integrated-wing model t e s t e d  a t  Ames. On t h e  f i r s t  

model, t h e  engine n a c e l l e  seems t o  have moderate dimensions; t h i s  impression 

is  due t o  t h e  r e l a t i v e  l a r g e  s i z e  of t h e  fuse lage  conta in ing  l i q u i d  hydrogen. 

I n  a l l  t h e  des igns ,  t h e  engines a r e  located under t h e  wing t o  b e n e f i t  from 

t h e  compression by t h e  under su r face .  

arrangement is t h e  almost complete a t t enua t ion  of l o c a l  incidences ahead of 

t h e  a i r  i n t a k e  during v a r i a t i o n s  i n ' t h e  inc idence  of t h e  a i r c r a f t .  

apparent  b e n e f i t s  must, however, b e  compared t o  disadvantages due: 

Another ev ident  advantage of t h i s  

These 

a )  

b) 
c) 

t o  t h e  presence of t h e  boundary l a y e r  of t h e  wing; 

t o  a flow f i e l d  which i s  not p e r f e c t l y  uniform; 

t o  t h e  e f f e c t s  of a curved shock wave on t h e  i n t e r n a l  flow. 

The s tudy  of t h e s e  t h r e e  e f f e c t s  i n t e r e s t s  a i r  i n t a k e  s p e c i a l i s t s ,  and 

w i l l  n o t  be  discussed here.  

F igure  10 shows t h e  relative dimensions of t h e  air i n t a k e  and exhaust 

1 0  



s e c t i o n s  nece'ssary f o r  a 

t u r b o j e t  o r  a ramjet using 

kerosene, expressed i n  t h e  

percentage of t h e  s u r f a c e  of 
t h e  wing under which t h e  

engine is  placed. 

The f i g u r e  a l s o  compares 

t h e  a v a i l a b l e  s e c t i o n ,  taken 

equal t o  43% of t h e  s e c t i o n  

between t h e  wing and t h e  

shock; t h i s  is f o r  a 75' 
d e l t a  wing f l y i n g  a t  C z  = 0.1. 

The p l ane  of t h e  a i r  i n t a k e s  

is  loca ted  a t  2 / 3  of t h e  

c e n t r a l  chord; t h e  wing load- 

ing  i s  300 kg/m 

The hypotheses concerning 

2 (61 PSF). 

F igu re  10. Aerobic a i r c r a f t .  Increase  i n  i n t a k e  t h e  aerodynamic l i f t / d r a g  
and exhaust s e c t i o n s  of t u r b o j e t  and ramjet 
engines  a t  high Mach number. r a t i o  of t h e  a i r c r a f t  and 

t h e  u n i t  t h r u s t s  of t h e  

engines ou t  t o  Mach 3 are 

t h o s e  of a present  SST. 

drag  r a t i o s  a n t i c i p a t e d  beyond Mach 3 are given i n  Table I. 

The estimated u n i t  t h r u s t s  of a ramjet and t h e  l i f t /  

TABLE I 

T I A  

TlAFrontal-area t h r u s t  i n  
.. kg/m2 J 

I n  F igure  10  one may see a con- 

s i d e r a b l e  inc rease  i n  t h e  i n t a k e  

su r face  f o r  M > 4 ,  t o  t h e  po in t  t h a t ,  

toward M = 7.5, t h e  i n t a k e  occupies 

p r a c t i c a l l y  a l l  t h e  a v a i l a b l e  s e c t i o n ,  

assumed equal t o  43% of t h e  s e c t i o n  

between wing and shock. 

11 
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Figur 11 shows photograph 

of an experimental hypersonic 

veh ic l e  s tud ied  i n  an ONERA wind 

tunnel.  The s t r i o s c o p i c  view, 

made a t  Mach 7 ,  a t  5" inc idence  

(corresponding t o  the  maximum 

l i f t / d r a g  r a t i o )  shows t h a t  t h e  

- shock wave of t h e  wing is a l ready  

near  t he  supersonic  ramjet a i r  
i n t a k e  d e s p i t e  i ts  very far-back 

pos i t i on .  T e s t s  f o r  t h i s  p r o j e c t  

P 
-------"La 

--- , 
-..a. 

-..._. e: 
I have shown t h a t  t h e  ramjet is  

s u f f i c i e n t  t o  assure  course Ll r- 
s t a b i l i t y .  

F igure  11. Experimental hypersonic veh ic l e  
t e s t e d  a t  ONERA. It thus seemed i n t e r e s t i n g  

t o  conduct wind tunnel  tests on 

s e v e r a l  conf igura t ions  of hyper- 

son ic  a i r c r a f t  with a i r -brea th ing  

engines of var ious  types t o  show 

a) Photograph of model; 

b) S t r io scop ic  view: Mach 7 ,  
5" incidence.  

t h e  con t r ibu t ion  of large engines t o  t h e  genera l  aerodynamic p rope r t i e s .  

F igure  8 shows a model of such an a i r c r a f t  equipped with four  turboramjets  

arranged i n  p a i r s  i n  two l a r g e  nace l les .  The nace l l e s  of t h e  model are 

t ransparent"  - t h a t  i s ,  they contain a channel of constant  s e c t i o n  between /39 11 

t h e  i n t a k e  and t h e  exhaust ,  i n  order  t o  a s su re  t h a t  during wind tunnel measure- 

ments t h e r e  i s  a s u p e r c r i t i c a l  configurat ion s imula t ing  t h e  normal opera t ion  

of t h e  a i r  in takes .  

The fuse lage  is  very s lender ,  and t h e  lead ing  edge of t h e  wings is swept 

a t  79" t o  reduce hea t ing  and drag. 

l o c a t e d  ahead of t h e  air in takes .  

M = 7 by ONERA 191 (a second, l a r g e r  model has  been t e s t e d  a t  takeoff  and 

A rec tangular  precompression ramp is 

This  model has  been t e s t e d  from M - 0.6 t o  

12 



! 
t' I .  

1 .e,- - i  - - _- .. -. - - 
--. 1.6.8' M.7 .We,, *3 .255~d 

Figure  12 .  L hypersonic a i r c r a f t .  1 
St r ioscopic  view a t  Mach 7. 

landing v e l o c i t i e s  i n  a subsonic  

wind tunnel ) .  Figure 1 2  g ives  

a s t r i o s c o p i c  view of t h e  flow 

a t  Mach 7 i n  t he  ONERA wind tunnel  

R2 a t  Chalais .  It is s i g n i f i c a n t  

t h a t  t h e  only shock waves v i s i b l e  

are those i s s u i n g  from t h e  edges 

of t h e  a i r  in takes .  Calcu la t ions  

have shown t h a t  t h e i r  con t r ibu t ion  

t o  t h e  t o t a l  drag is  r e a l l y  very 

l a r g e ,  and t h a t  t he  leading-edge 

r a d i i  of t h e  in t akes  must be 

reduced t o  a m i n i m u m  i f  one wishes 

t o  ob ta in  an acceptab le  aerodynamic 

l i f t / d r a g  r a t i o  f o r  t h e  a i r c r a f t .  

It is poss ib l e  t o  a t t a i n  t h i s  by means of a c t i v e  cool ing,  as has been proved 

experimental ly  ( see  [ l o ]  and [ l l ] ) .  

Inf luence  of Engines on Transverse S t a b i l i t y  

The model has  undergone tests of course s t a b i l i t y  wi th  and without engine 

n a c e l l e s ,  a t  d i f f e r e n t  incidence angles and a t  d i f f e r e n t  Mach numbers, t o  

i s o l a t e  t h e  con t r ibu t ion  from t h e  engines. 

as w e l l  as a t  lower Mach numbers, the  presence of n a c e l l e s  increases  t h e  course  

s t a b i l i t y  as a func t ion  of incidence.  A t  M = 4.29, t h e  e f f e c t  of t h e  n a c e l l e s  

is  s m a l l  and sca rce ly  dependent on incidence.  A t  M = 7,  i nc rease  i n  inc idence  

i n c r e a s e s  t h e  unfavorable e f f e c t  of t h e  engines.  

c e n t e r  of measurement was f ixed  so t h a t  t h e  a i r c r a f t  would be  s l i g h t l y  s t a b l e  

long i tud ina l ly .  

Figure 13 shows t h a t  a t  Mach 2.12, 

For each Mach number t h e  

Another concept of t h e  same p ro jec t  has been t r i e d .  

F igure  14 shows t h a t  t h e  large n a c e l l e s  of turboramjets  have been replaced 

13 



-2 

- 2.70" L 0 - 
' M 4.29 

0 3 10 

Figure  13. Inf luence of engine 
f a i r i n g s  on course s t a b i l i t y  
of a hypersonic a i r c r a f t .  
ONERA tests. 
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Figure  14. Hypersonic a i r c r a f t :  
i n f luence  of engine opt ion on - conf igura t ion .  

n a - turbo-rams coupled t o  fuse lage ;  
b - ramjets wi th  supersonic  

combustion (Scramj e t s )  hung 
under t h e  wing. b 4 s c r m p t s  m pods. 
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by fou r  supersonic  ramjets. The wing is a 68' d e l t a  t o  o f f e r  a s u f f i c i e n t  

a i r - in t ake  s e c t i o n  between t h e  lower s u r f a c e  and t h e  shock wave ou t  t o  10" 

incidence.  

w i th  incidence,  whi le  t h e  f i n  su r face  has  been reduced by h a l f .  

The wing t i p s  are bent  downward t o  inc rease  t h e  course  s t a b i l i t y  

a> delta wing 6 8 O  with 4 scramjets in pods 

Figure  15. Inf luence  of engine type on course  
s t a b i l i t y .  ONERA tests. 

Figure 15 compares 

cour se - s t ab i l i t y  curves ,  i n  

which t h e  requirement of an 

acceptab le  long i tud ina l  

s t a t i c  margin is r e t a i n e d  

f o r  t h e  two conf igura t ions .  

Comparison of t h e  

r e s u l t s  shows t h a t  t h e  scram- 

j e t  conf igura t ion  l o s e s  i t s  

s t a b i l i t y  a t  zero  inc idence  

f o r  M of about 6 ,  bu t  remains 

s t a b l e  a t  f l i g h t  inc idence  

near  5". A t  t h i s  inc idence  

t h e  presence of scramjets 

seems unfavorable f o r  M 

about 4, and favorable  beyond 

t h a t .  The turboram a i r c r a f t ,  

on t h e  o t h e r  hand, is s t a b l e  

a t  zero incidence,  b u t  w i th  

nonzero incidence t h e  e f f e c t  

of t h e  engine n a c e l l e s  is 

always unfavorable ,  and 
beyond Mach 5 a maneuver wi th  a l a r g e  loading  f a c t o r  would be  ca t a s t roph ic .  

F igure  16 compares t h e  Mach 7 course s t a b i l i t y  of  t h e  two conf igura t ions  

The in f luence  of t h e  scramjets mounted under w i t h  and without  t h e i r  engines.  

15 
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Figure  16. Inf luence of engine f a i r i n g s  on 
the change i n  course s t a b i l i t y  with inci- 
dence a t  M = 7. 

a )  4 suspended Scramjets 

b) 2 p a i r s  of coupled turborams. 

t h e  r e a r  of t h e  wing i s  c l e a r l y  

confirmed as t h e  source of t h e  

s t a b i l i t y  i n  incidence.  I n  

c o n t r a s t ,  t h e  turborams reduce 

the  s t a b i l i t y .  The tests have 

been repeated on t h i s  l a t te r  

configurat ion without  a f i n  and 

with f i n s  of d i f f e r e n t  s u r f a c e  

shapes. Without engines ,  t h e  

s t a b i l i t y  of t h e  a i r c r a f t  equip- 

ped with t h e  l a r g e  f i n  decreases  

progress ive ly ,  bu t  remains s t a b l e  

up, t o  t h e  maximum incidences 

t e s t ed .  This i n f luence  of t h e  

engines on the  course s t a b i l i t y  

is similar t o  t h e  r e s u l t s  of 

slender-body theory.  I n  t h i s  

theory t h e  l i f t  of a hollow 

cyl inder  is l o c a l i z e d  on i t s  

forward face.  Thus, i f  t he  a i r  

in t ake  of t h e  engines (super- 

c r i t i c a l )  is loca ted  f a r  ahead 

of t h e  cen te r  of g r a v i t y  of t h e  

a i r c r a f t ,  t h e  r e s u l t a n t  l a t e r a l  

- 140 

f o r c e  from going i n t o  s l i p  w i l l  produce an unfavorable cour se - s t ab i l i t y  

grad ien t .  Inverse ly ,  t h e  a i r  in takes  of t h e  scramje ts ,  moved back behind the  

c e n t e r  of g r a v i t y ,  w i l l  produce a favorable  grad ien t  of t h e  yaw moment. 

Likewise, t h e  inf luence  of t he  incidence can be reduced t o  t h a t  of t h e  l o c a l  

Assuming i m p l i c i t l y  t h a t  t h e  r a t i o  of k i n e t i c  pressure  under the  wing: 

s p e c i f i c  h e a t s  does not  vary,  p ressure  q, i nc reases  with inc idence  i n  the  
Q1 

A 
(2)  r a t i o  

( 2 ) I t  is  implied t h a t  t h e  r a t i o  of s p e c i f i c  h e a t s  is constant :  y1 = yo 

16 



where p and M are t h e  s t a t i c  pressure and t h e  Mach number, and t h e  i n d i c e s  

0 and 1 r e f e r  t o  upstream and l o c a l  condi t ions ,  r e spec t ive ly .  

These remarks suggest  t h a t  t o  reduce t h e  drag,  one should choose t h e  

p o s i t i o n  of t h e  engine nacelles so t h a t  they con t r ibu te  as w e l l  as p o s s i b l e  

t o  t h e  course s t a b i l i t y ,  when the  f i n  s u r f a c e  can b e  reduced t o  t h e  minimum 

imposed by requirements f o r  s t a b i l i t y  i n  subsonic  f l i g h t .  

Conversely, one can hope t o  reduce t h e  in f luence  of t h e  a i r  i n t a k e s  on 

t h e  course s t a b i l i t y  by p lac ing  them i n  t h e  immediate v i c i n i t y  of t h e  c e n t e r  

of g r a v i t y .  

l i q u i d  hydrogen, t h i s  then poses the problem of t h e  inf luence  of the j e t  from 

t h e  nozz les  on t h e  a f t e r  p a r t  of the a i r c r a f t .  

For t h e  r e l a t i v e l y  sho r t  engines  considered f o f  a i r c r a f t  us ing  

Problems of  t h e  I n t e r a c t i o n  of t h e  Propuls ive  Nozzles 

For present-day supersonic  a i r c r a f t ,  adapt ing e j e c t o r  nozzles  t o  t h e  

d i f f e r e n t  a l t i t u d e s  and v e l o c i t i e s  of t h e  mission a l ready  r equ i r e s  cons iderable  

v a r i a t i o n s  i n  t h e  shape and sec t ion  of t h e  j e t .  

a i m  a t  obta in ing  t h e  b e s t  propulsion e f f i c i e n c y .  

maximum a t  t h e  maximum Mach number of  f l i g h t ,  t h e  j e t  must b e  confined a t  

t r a n s o n i c  and subsonic  v e l o c i t i e s .  

l a w s ,  and e s p e c i a l l y  i f  i t  v i o l a t e s  t h e  area l a w  too  gross ly ,  i t  can produce 

t r anson ic  problems. 

I 

These v a r i a t i o n s  n a t u r a l l y  

Since t h e  c ros s  s e c t i o n  is 

I f  t h e  b o a t t a i l  does no t  fol low j u d i c i o u s  

For a hypersonic a i r c r a f t ,  the  problem r a i s e d  by t h i s  necessary v a r i a t i o n  

of t h e  a f t e r  shapes becomes more acu te  f o r  two reasons: 

(a) To f l y  from subsonic  t o  a high Mach number, f o r  exam?le M = 7, 

r e q u i r e s  v a r i a t i o n s  i n  s e c t i o n  which can no longer  b e  obtained by present  

axisymmetric systems (so-called "iris") , b u t  r a t h e r  by two-dimensional nozz les  

17 I 



with a s i n g l e  v a r i a b l e  b a f f l e ;  

(b) The l o c a l  aerodynamic f i e l d  is more complicated. Figure 1 7  is a 

schematic r ep resen ta t ion  of t h e  a f t e r  por t ions  of a present-day f i g h t e r  and 

of a hypothe t ica l  hypersonic a i r c r a f t .  

of t h e  Mach 2 f i g h t e r  is  not  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  pressure  a t  

i n f i n i t y  upstream, and adapta t ion  can remain axisymmetric. For t h e  high-Mach 

a i r c r a f t ,  a t  Mach 7 and f l i g h t  incidence of 5 O ,  l o c a l  pressures  on t h e  under 

and upper su r faces  of t h e  wing - thus,  a t  r i g h t  angles  t o  a two-dimensional 

nozzle  loca ted  a t  t h e  a f t  end of t he  a i r c r a f t  - can d i f f e r  by a f a c t o r  of 5 

The pressure  around t h e  rear s e c t i o n  

/p = 2.3; P /p = 0 . 4 ) .  
('under upper 

Change i n  Mach number o r  maneuvers with high load f a c t o r  must thus b e  

accompanied by asymmetric deformations of t h e  e j e c t i o n  nozzle.  Now, t h e  

aerodynamic forces  which act on t h e  a i r  i n t akes  and exhausts  are very l a r g e ;  

i n  p a r t i c u l a r ,  t h e  fo rces  appl ied  t o  t h e  e j e c t o r  nozzle  a t  l a r g e  Mach numbers 

can b e  on t h e  order  of t he  a i r c r a f t  weight. The moments of t hese  fo rces  can 

thus  become a very important element i n  the  long i tud ina l  s t a b i l i t y  of t h e  

a i r c r a f t .  Var ia t ions  i n  these  moments r e l a t e d  t o  changes i n  engine ope ra t ing  

condi t ions ,  t o  asymmetric detachments during maneuvers, o r  t o  acc iden ta l  

f lameout,  must be capable of being con t ro l l ed  by t h e  con t ro l  su r f aces  of t h e  

a i r c r a f t  . 

Figure 18 shows t h e  r e s u l t  of ca l cu la t ions  on t h e  t h r u s t  vec tor  of 

d i f f e r e n t  two-dimensional nozzles ,  and shows t h e  in f luence  of t h e  opening angle  - /42 
on t h e  d i r e c t i o n  of t h i s  vector .  It can be seen t h a t  t h e  uniform-field nozz le  

l e a d s  t o  an inc l ined  t h r u s t  vec tor .  It can be seen t h a t  t h e  uniform-field 

nozz le  l eads  t o  an inc l ined  t h r u s t  vec tor  (because of t h e  suppression of p a r t  

of t h e  lower p l ane ) ,  and t h a t  i t s  l i n e  of a c t i o n  l i e s  about 30 throat-heights  

above the  lower plane.  

where FW denotes i d e a l  t h r u s t  i n  a vacuum. 

These ca l cu la t ions  are f o r  a p e r f e c t  gas wi th  v = 1.4, 

The b e s t  i n t e g r a t i o n  of engine t o  a i r f rame w i l l  thus  have t o  depend, i n  

each p a r t i c u l a r  case, on wind tunnel  tests wi th  r ep resen ta t ion  of propuls ive  

18 
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,2ts [12] conta ins  an example of such tests performed a 

t h e  e f f e c t  of t h e  j e t  on t h e  moments of an a i r c r a f t .  

Langley, which show 

Even more than i n  modern supersonic  a i r c r a f t  p r o j e c t s ,  t h e  l a r g e  relative 

dimensions of f u t u r e  hypersonic a i r c r a f t  engines w i l l  r e q u i r e  t h a t  t h e  i n t e r n a l  

c i r c u l a t i o n s  b e  represented with g rea t  f i d e l i t y  during wind tunnel  tests, 

s i n c e  t h e  e f f e c t s  and i n t e r a c t i o n s  of t h e  propuls ive  f l u i d  w i l l  p l ay  a l a r g e  

r o l e  i n  t h e  f o r c e s  and moments ac t ing  on t h e  a i r c r a f t .  

Aerodynamic E l a s t i c i t y  Ef fec t s  

Recent yea r s  have seen t h e  appearance of a c e r t a i n  number of problems 

r e l a t e d  t o  l a r g e  d i f f e rences  between aerodynamic p rope r t i e s  deduced from wind 

tunnel  tests of r i g i d  models and those observed i n  t h e  f l i g h t  of real  elastic 

veh ic l e s .  

One can mention t h e  d i f f e rences  found i n  t h e  yaw moment induced by a i l e r o n  

s e t t i n g s  (dCn/dSA) on t h e  Mach 3 XB 70 A bomber [13], where t h e  s i g n  of t h e  

moment observed i n  f l i g h t  a t  M = 0.95 (Figure 19)  w a s  oppos i te  t o  t h a t  measured 

i n  t h e  wind tunnel ,  and even t h e  case of t h e  Apollo capsules  where t h e  equi l ib-  

rium ang le  observed i n  f l i g h t  d i f f e r e d  from t h a t  measured i n  t h e  wind tunnel  

because of deformation of t h e  hea t  s h i e l d  under loading (Figure 20, from [14]).  

A f t e r  consider ing t h e  e f f e c t s  of Mach number and Reynolds number, c o r r e c t  

models of t h e  Apollo capsule  were made, where t h e  e las t ic  deformation of t h e  

h e a t  s h i e l d  w a s  represented ,  and the new values  of t h e  equi l ibr ium angle  f e l l  

e x a c t l y  among t h e  f l i g h t  po in ts .  

For a i r c r a f t  of l a r g e  dimensions wi th  very l i g h t  s t r u c t u r e s ,  and i n  t h e  

presence  of a Severe thermal environment, i t  can be  p red ic t ed  t h a t  t h i s  prob- 

l e m  w i l l  b e  even more important ,  and t h a t  t o  be  s i g n i f i c a n t ,  wind tunnel  tests 

w i l l  have t o  use  models reproducing as w e l l  as p o s s i b l e  t h e  deformations 

expected i n  f l i g h t .  
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Figure  19 .  XB-70 A - Inf luence of 
s t r u c t u r a l  e l a s t i c i t y  on o s c i l l a t i o n  
induced by a i l e rons .  

Aside from t h e  aerodynamic 

ques t ions  r a i s e d  by t h e  conf igura t ions  

of hypersonic a i r c r a f t ,  a c e r t a i n  

number of elementary problems remain, 

which r equ i r e  s o l u t i o n  be fo re  pro- 

ceeding t o  conf igura t iona l  design. 

The most important of t hese ,  

perhaps,  is  t h a t  of c o n t r o l  su r f aces .  

The problems of t h e  e f f ec t ive -  

ness  and hea t ing  of aerodynamic con- 

t r o l  sur faces  of re-entry g l i d e r s  a t  

hypersonic v e l o c i t i e s  and a t  high 

incidences have been s tud ied  
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Figure  20. Deformation of Apollo hea t  s h i e l d :  
i n f luence  on equi l ibr ium incidence. 

f o r  many yea r s ,  and recog- 

nized t o  b e  very d i f f i c u l t .  

This comes i n  p a r t  from t h e  

t h e o r e t i c a l  complexity of 

t h e  viscous and nonviscous 

flow f i e l d s  considered,  and 

p a r t l y  from i n s u f f i c i e n t  

s imula t ion  i n  present-day 

hypersonic wind tunnels .  

But t h e s e  d i f f i c u l t i e s  

exist even i n  t h e  apparent ly  

s impler  case of a hypersonic 

a i r c r a f t  wi th  r e l a t i v e l y  

sharp  leading  edges and thin 
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wings, f l y i n g  a t  low incidence,  condi t ions ob l iga to ry  f o r  ob ta in ing  high 

l i f t / d r a g  r a t i o .  

surrounded by a tu rbu len t  boundary l aye r  over  almost a l l  i ts  sur face .  

add i t ion ,  classical  cons idera t ions  based on s imple obl ique  shock theory are 

i n s u f f i c i e n t  t o  estimate t h e  compressions and expansions on c o n t r o l  su r f aces  

a t tacked  by t h i c k  boundary l aye r s .  

l a y e r s  w i l l  govern t h e  course of t he  expansion and compression, and thus  t h e  

e f f ec t iveness  and t h e  hea t ing  of the  c o n t r o l  su r f aces .  

An a i r c r a f t  60 m i n  l eng th  wi th  normal wing loading w i l l  b e  

I n  

It can b e  expected t h a t  t h e  l o c a l  boundary 

Unfortunately,  wind tunnel  t e s t i n g  of small-scale models i n e v i t a b l y  shows 

laminar detachments. Figure 21 shows a number of r e s u l t s  concerning flow 

detachment on bent  f l a p s .  

p l o t s  t h e  f a c t o r  a M 

where a i s  t h e  s e t t i n g  where detachment occurs ,  and M is t h e  l o c a l  Mach number 

o u t s i d e  t h e  boundary l aye r .  

t u r b u l e n t  flow corresponding t o  f l i g h t ,  l a r g e  s e t t i n g s ,  on t h e  o rde r  of  30", 

are p o s s i b l e  without  detachment, while  f o r  a wind tunnel  t es t ,  i n  t h e  presence 

of a laminar  boundary l a y e r  - f o r  example, f o r  R e  = 2 x 10  

a l lowable  s e t t i n g  is  l imi t ed  t o  5" o r  6". 

One can see two well-separated groupings when one 

as a funct ion of t h e  Reynolds number a t  t h e  h inge ,  -112 
i 

i 
It can b e  determined t h a t  i n  t h e  condi t ions  of 

6 and M = 8 - t h e  

These circumstances expla in  why most of t h e  research  on hea t ing  and 

e f f e c t i v e n e s s  of con t ro l  su r f aces  a t  hypersonic  v e l o c i t i e s  has  r a p i d l y  devia ted  

toward t h e  s tudy  of laminar detachment ahead of dihedra,  whi le  t h e  s tudy of  

c o n t r o l  su r f aces  under real is t ic  condi t ions has  advanced l i t t l e .  To t r y  t o  

make progress  on t h i s  ques t ion ,  ONERA has undertaken a s tudy  of t h e  compression 

of  hypersonic  tu rbu len t  boundary l aye r s  on a c o n t r o l  s u r f a c e  [l5]. 

The t h e o r e t i c a l  s tudy  has  cons is ted  of  applying t h e  c h a r a c t e r i s t i c  method 

t o  t h e  boundary l a y e r  approaching t h e  f l a p ;  f o r  t h i s ,  t h e  boundary l a y e r  is 

considered t o  b e  a nonviscous r o t a t i o n a l  l a y e r .  

The i d e a  of assuming t h a t  t he  abrupt  change of a tu rbu len t  boundary l a y e r  

could b e  compared t o  a nonviscous phenomenon, s i n c e  pressure  e f f e c t s  are 
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preponderant t..ere, has  been 

expressed by P. Carriere and 

M. S i r i e i x  [16] and appl ied  

by var ious  au thors  t o  treat  

shock r e f l e c t i o n s  1171 o r  

compressions on a ramp [181. 

Turbulent b. L A 
I 

I 

- Laminar b. 1 
I 

1 I l l  

106 

Turbulent b. L A 
I fcTransitiona1 / b. L 

Laminar b. 1 
I 

Figure  21. Maximum f l a p  s e t t i n g  (a  ) 

befo re  appearance of detachment. 
1 

u l e n t  boundary l a y e r s  corresponding t o  Reynolds 

An experimental  s tudy  

w a s  conducted i n  t h e  R 3  wind 

tunnel  a t  Chalais-Meudon a t  

Mach 10 t o  v e r i f y  t h i s  po in t  

of view. 

p l a t e  (Figure 22) placed i n  

t h e  symmetry plane of t h e  

tunnel ;  s m a l l  p la tes  repre- 

s en t ing  t h e  bent f l a p s  were 

a t tached  t o  t h e  back edge of 

t h i s  p l a t e ,  where t h i c k  turb-  

numbers of 13 t o  20 m i l l i o n  were 

It used a long f l a t  

/44 

produced. 

2 3  i l l u s t r a t e s  t h e  test condi t ions.  The s t r i o s c o p i c  view a t  t h e  upper r i g h t  is 

taken from a previous study [19] made i n  1966 i n  t h e  same wind tunnel  (R3) on 

a s h o r t  p l a t e .  

t h e  enlarged photograph below i t  shows t h e  laminar boundary l a y e r  which can b e  

followed out  t o  i t s  re-attachment t o  the  f l ap .  

The t h e o r e t i c a l  and experimental d e t a i l s  are given i n  [15].  F igure  

The s tudy w a s  marked by t h e  i n e v i t a b l e  laminar detachments; 

The two lower s t r i o s c o p i c  views show, i n  c o n t r a s t ,  a very pure configura- 

t i o n  where one can d i s t i n g u i s h  c l e a r l y ,  a t  t h e  very i n t e r i o r  of t h e  t h i c k  

t u r b u l e n t  boundary l a y e r ,  t h e  o r i g i n  of t h e  shock included i n  t h e  c a l c u l a t i o n  

of the  c h a r a c t e r i s t i c s .  

i n  the o r i g i n a l  photographs, has  been enlarged h e r e  f o r  c l a r i t y  of reproduct ion;  

t h i s  edge meets t h e  obl ique  shock f a r t h e r  from t h e  f l a p  hinge as t h e  s e t t i n g  

The outer  edge of t h e  boundary l a y e r ,  q u i t e  v i s i b l e  
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Figure 22. Long median plate. 
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Figure 23. 

above: detached laminar boundary layer; 
below: nondetached turbulent boundary layer. 

Compression on a bent 
flap at Mach 10 (Chalais wind tunnel R 3) 

decreases. This explains the 
very spread-out recompressions 
recorded by the measurements 
of pressure distributions. 

Figure 24 compares the 
results of calculations made 
this way by the method of 
characteristics with those from 
two-dimensional oblique shock 
theory, and with the first 
measurements of pressure made 
during this program. It may 
be seen that the compression 
on the flap is more spread out 
at smaller angles. It is in 
this region of small settings 
that the difference between 
the real effectiveness of the 
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f l a p  and t h a t  obtained by 

obl ique  shock c a l c u l a t i o n s  is 

most marked. I n  c o n t r a s t ,  a t  

XO higher  s e t t i n g s  t h e  compression 

is more rap id :  f o r  a = 25O, 
a-25' Oblique shock,, 2-dimen.-, 

C h a r a c t e r i s t i c s  s i o n a l  

I, ---- -- 

Figure  24. Recompression on a bent f l a p .  
Turbulent  boundary l aye r :  6o = 27 mm 

f o r  example, i t  is  e s t a b l i s h e d  

on a l eng th  of 60 mm, o r  about 

two th icknesses  of t h e  boundary 

l a y e r  a t  t he  hinge ( 1 5 ~  sz 30 mm) 

w i th  t h e  present  experimental  

condi t ions.  

The c a l c u l a t i o n  f o r  a = 30" 

w a s  i n t e r rup ted  by t h e  appearance 

of a l o c a l  Mach number less than 

1 at  t h e  lower edge of t h e  flow, 

which s t o p s  t h e  p re sen t  computer 

program. 

Figure 25 compares two 

measurements and two c a l c u l a t i o n s  

made f o r  experimental  condi t ions  ( p l a t e  l eng th  and genera t ing  pressures)  lead- 

i n g  t o  d i f f e r e n t  boundary-layer thicknesses .  It can be  seen t h a t  t h e  l eng ths  

of compression on t h e  f l a p  are d i f f e r e n t .  P l o t t e d  as a func t ion  of t h e  reduced 

a b s c i s s a  X/6 t h e  two experimental  r e s u l t s  f a l l  q u i t e  w e l l  on a s i n g l e  curve,  

showing t h a t  t h e  boundary l a y e r  does indeed f i x  t h e  scale of t h e  recompression, 

j u s t  as t h e  t h e o r e t i c a l  o u t l i n e  implied. 

0' 

One experiment, designed t o  ob ta in  measurements of t h e  e f f e c t i v e n e s s  of 

f l a p s  on a model of a hypersonic a i r c r a f t  t e s t e d  a t  Mach 7 by ONERA, has  been 

c a r r i e d  out  in t h e  R2 wind tunnel  a t  Chalais-Meudon. 
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Figure  25. 
a = 15’. 

Pressures  on a f l a p  set a t  
Chalais  wind tunnel  R 3, 
M = 9.80 

Figure  26 shows t h e  design 

/ 4 5  of a model where t h e  f l a p s  are 

equipped wi th  pressure  t ransducers .  

Calcu la t ions  by t h e  c h a r a c t e r i s t i c s  

method have as a depa r tu re  po in t  

the-boundary l a y e r  ca l cu la t ed  as 

i f  i t  were turbulen t  s t a r t i n g  a t  

- 

t h e  sharp  leading  edge (3)  . 

There i s  good agreement 

between measurement and ca l cu la t ion .  

Here again t h e  real e f f e c t i v e n e s s  

is  much less than t h a t  p red ic t ed  

by s imple obl ique  shock calcula-  

t ions.  

Heat ing 

Measurements of hea t ing ,  

c a r r i e d  ou t  i n  p a r a l l e l  w i th  pres- 

s u r e  measurements at Mach 10 on 

thin-walled p l a t e l e t s  (e = 0.5 mm) 

equipped wi th  thermocouples 0.1 nun i n  diameter ,  are reproduced i n  Figure 27; 

t h e  h e a t  flow has a wavy  behavior,  i n  c o n t r a s t  t o  t h e  monotonic behavior  of  

t h e  pressures .  

T e s t s  a t  a h igher  s e t t i n g  (a = 20’) given i n  F igure  28 show t h a t  t h e  

h e a t i n g  produced a s inuso ida l  deformation of t h e  t h i n  w a l l ,  t h e  e f f e c t s  of 

which are v i s i b l e  i n  t h i s  s t r i o s c o p i c  view. 

(3)  
The s t r i o s c o p i c  views no t  reproduced h e r e  show, by t h e  absence of 
detachment a t  t h e  f l a p  hinge, t h a t  t h i s  w a s  e f f e c t i v e l y  t h e  case. 
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Chalais  wind tunnel  R 2 
M= 7 .5?th= 2.7. lo6 

P /  p, 
. A  

i c s  , 

"1 

8.6" 

Figure  2 6 .  L 3 hypersonic a i r c r a f t  - swept at  
(zero incidence)  

s u r e s ,  o r  a t  l e a s t  t o  eva lua te  t h e  f luxes .  But 

This de,armation 

measured i n  t h e  l abora to ry  

is  shown i n  Figure 2 9 .  

Calcula t ions  of l o c a l  

pressures  have thus been 

obtained by tak ing  t h i s  

wavy shape i n t o  considera- 

t i o n  ( t h e  f l a p  is repre- 

sented he re  i n  i t s  t r u e  

s i z e ) .  One can see t h e  

g r e a t  i n f luence  of t h i s  

small waviness on t h e  cal- 

cu la ted  p res su res ,  whose 

behavior c lose ly  fol lows 

t h a t  of t h e  f lux .  The 

s tudy w a s  continued up 

u n t i l  t h i s  r epor t  w a s  

w r i t t e n .  It w i l l  i nc lude  

- / 4 6  

70' an attempt t o  c a l c u l a t e  

t h e  viscous boundary l a y e r  

from t h e  ca l cu la t ed  pres- 

i t  can a l ready  be assumed, on 

t h e  b a s i s  of t h e  present  r e s u l t s ,  t h a t  t h e  s u r f a c e  i r r e g u l a r i t i e s  of a hyper- 

s o n i c  veh ic l e ,  even though they a r e  small wi th  .respect t o  t h e  boundary-layer 

t h i ckness ,  could produce considerable  pe r tu rba t ions  i n  t h e  hea t  t r a n s f e r ,  

which could thus  depar t  from t h e  values of "smooth f l a t  p la te"  theory.  

Knowledge of t h e  Hypersonic Boundary Layer 

The exact  phys ica l  p rope r t i e s  of t u rbu len t  hypersonic boundary l a y e r s  

are f a r  from being completely understood, even f o r  t h e  most simple cases of 

p l a n e  two-dimensional p l a t e s ,  as is shown by t h e  number of papers publ ished 

on t h i s  s u b j e c t  . 
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Turbulent boundoty layer : 30 m a  

a t  hinge he. 
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Figure 27. Distribution of pressure and heat flux on a 
flap set at  15" a t  Mach 9.8. ONERA wind tunnel R 3 
at Chalais. 

e ? J 

R3Ch W.T M=9.80 Roro*44.10' 
Tur bulant boundary. loyar : 6, 50 mm 

at hinge Ihe. 

FLAD WDFACC 

IIAGM I F I ED WAVl W55 

Figure 28. Strioscopic view of flow Figure 29. Pressures and heat fluxes 
at  M = 9.8 on a flap set at 20°, 
with deformed wall. 

a t  M - 9.8 on a flap set at ZOO; 
influence of surface deformation. 
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Predic t ion  of t h e  development of t he  boundary l a y e r  on three-dimensional 

shapes wi th  incidence w i l l  be  even more complicated. 

mate, of t h e  l o c a l  boundary l a y e r s  on t h e  veh ic l e  w i l l  be needed, not  only t o  

eva lua te  t h e  e f f ec t iveness  of cont ro l  su r f aces ,  as w e  have seen,  bu t  even t o  

evaluate '  t h e  thermal f l u x  map on the  whole a i r c r a f t .  

Knowledge, even approxi- 

In  t h i s  r e spec t ,  t he  problem of t r a n s i t i o n  t o  hypersonic v e l o c i t i e s  w i l l  

p lay a l a r g e  p a r t  i n  t h e  p red ic t ion  of thermal c o n s t r a i n t s  i n  a nonablat ive 

m e t a l l i c  s t r u c t u r e .  

numbers w i l l  be necessary t o  def ine  t h e  i n s u l a t i o n  of t h e  cryogenic r e s e r v o i r s  

and t o  conserve t h e  maximal s t r u c t u r a l  e f f i c i ency .  

Knowledge of the  exact numerical values  of l o c a l  Stanton 

The present  state of hypersonic boundary l a y e r  s t u d i e s  i n  Europe has  

been reviewed r ecen t ly  by R. Michel [ Z O ] .  

and could con t r ibu te  very e f f e c t i v e l y  t o  t h e  development of hypersonic 

a i r c r a f t  . 
These s t u d i e s  are very promising 

Conclusion 

Construct ion of hypersonic a i r c r a f t  poses formidable problems i n  propul- 

s i o n  and i n  s t r u c t u r e ;  however, they must no t  h ide  t h e  aerodynamic problems 

which can only erroneously be  considered secondary o r  t r ivial .  

T o  aerodynamic s t u d i e s  of conf igura t ions ,  executed i n  classic fashion f o r  

t h e  whole p r o j e c t ,  t h e  following new s t u d i e s  w i l l  b e  added: 

- obta in ing  measurements a t  high Reynolds numbers t o  t r y  t o  ob ta in  

realist ic tu rbu len t  boundary layers, and t o  l e a r n  t h e  real l i f t / d r a g  r a t i o s  

which c o n t r o l  t h e  economics of t he  a i r c r a f t ;  

- conception and development of s p e c i a l  mountings f o r  wind tunnel  tests 

inco rpora t ing  a c o r r e c t  representa t ion  of t h e  propuls ive  jets,  on models 

r ep resen t ing  t h e  exact  shapes of vehic les  deformed i n  f l i g h t ;  
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- improv d know1 f k i n e t i c  hea t ing ;  

- dynamic and thermal s t u d i e s  of con t ro l  s u r f a c e s  i n  t h e  presence of 

t h i c k  tu rbu len t  boundary l aye r s .  

These long and d i f f i c u l t  e f f o r t s  must precede a d e f i n i t i o n  of t h e  p r e c i s e  

p r o j e c t s ,  f o r  i t  is t h e i r  results which w i l l  form t h e  b a s i s  of t hese  s tud ie s .  

R e d  Ceresuela  

Chief of t h e  Research Subdivis ion 

ONERA 
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